Sea ice volume error contributions
We estimate monthly errors 1 in sea ice volume by considering the contributions due to uncertainties in snow depth (4.0 to 6.2 cm), snow density (60.0 to 81.6 km m --3 ), sea ice density (7.6 km m --3 ), sea ice concentration (5%), and sea ice extent (20,000 to 30,000 km 2 ). Uncertainties in seawater density and in Arctic--wide measurements of sea ice freeboard have a negligible impact on the sea ice volume error budget. Please see Methods in the main text for a detailed description of our error analysis. We calculate the contribution of each significant error source to the total estimated sea ice volume error in two separate months (October and April). We then combine the monthly contribution to the volume error for all significant error sources in a root--sum--square manner to arrive at an estimate of the total monthly sea ice volume error (Supplementary Table 1 ). For a detailed description of our error analysis, please see Methods in the main text.
Supplementary Table 1 : The sea ice volume error budget. The October and April error columns give a value for the Arctic--wide error, with respect to the mean value, for each significant error source. The October volume error and April volume error columns show the contribution of each source to the total estimated sea ice volume error. These are then combined in a root--sum--square manner to give an estimate of the total monthly sea ice volume error. 
Evaluation of the CryoSat--2 sea ice thickness product
To assess the accuracy of our CryoSat--2 measurements, we compared them to independent estimates of sea ice thickness and draft acquired from airborne and ocean--based platforms 2 Figure 1) . We used data collected over the period 2011--2014 for the OIB comparison, 2011--2012 for the CryoVEx comparison, and 2010--2013 for the BGEP comparison. Although the OIB and CryoVEx measurements are only acquired in spring, they survey a range of ice thicknesses and type, mostly in the western Arctic. The BGEP observations, in contrast, operate year round, but sample a restricted distribution of ice as the moorings are fixed. To compare our CryoSat--2 estimates to the OIB and CryoVEx data, we gridded all datasets onto a 0.4° latitude by 4° longitude grid, resulting in 1110 distinct OIB values and 64 CryoVEx values. To compare our CryoSat--2 estimates to BGEP data, we took monthly averages of all CryoSat--2 draft estimates within 100 km of each mooring and compared with monthly averages of ice draft obtained by each upward--looking sonar, resulting in 58 distinct values. Overall, the CryoSat--2 measurements agree with the OIB, CryoVEx, and BGEP measurements of sea ice thickness, sea ice plus snow thickness, and sea ice draft to within 0.5, 21.0, and 10.0 cm on average, respectively. To assess the overall bias in the CryoSat--2 observations, we computed sea ice thickness from the upward--looking sonar estimates of sea ice draft and from the electromagnetic sounder estimates of snow plus ice thickness, and compared these and the airborne laser estimates to the satellite data ( Supplementary Figure 1) , When combined, the average difference between the OIB, CryoVEx, and BGEP estimates of ice thickness and those derived from CryoSat--2 is 2 mm. Given that the average uncertainty in spring ice thickness derived from CryoSat--2 is 27 cm, we conclude that there is no significant bias in the satellite data. The standard deviation between the CryoSat--2 and the OIB, CryoVEx, and BGEP estimates (66, 55, and 34 cm, respectively) are comparable to the estimated accuracy of the satellite (13 cm) 5 and in situ (40 cm, 10 cm, and 10 cm, respectively) 4, 6, 7 measurements themselves, and will be dominated by spatial variations in thickness at length scales smaller than the satellite footprint. The absolute differences between ice thickness estimates derived from the satellite and terrestrial observations may arise through uncertainties in either dataset. 
Regional variations in sea ice volume
For the purposes of analysing the spatial variations in sea ice volume, we defined regions following the delineation of fixed ocean basins. These regions cover the major oceanographic regions of the Arctic 8 , as well as the surrounding Seas and Gulfs at lower latitudes, allowing us to document sea ice volume changes in regions of oceanographic interest (e.g. Supplementary Table 2 ). It should be noted that the extent of FYI and MYI change from year to year, and so the ocean basins are not useful for classifying areas of distinct sea ice type. Together, the Amerasian and Eurasian basins (Supplementary Figure 2) contain the majority of all northern hemisphere sea ice and we use this combined region in some of our analysis.
Supplementary Table  2 : Regional changes in sea ice volume, as observed by CryoSat--2. Shown is the average CryoSat--2 sea ice volume (10 3 km 3 ), and rate of volume change (km 3 
Efficacy of a climatological snow load
To investigate the reliability of using a climatological snow load 9 in our sea ice processing we computed an alternative estimate of Amerasian and Eurasian basin sea ice volume (Supplementary Figure 3) using a time--varying snow load derived from ERA--Interim reanalysis data 10 . A time--varying snow load is relatively simple to employ in the Amerasian and Eurasian basins as sea ice persistence is high (Supplementary Figure 4) , and it is therefore reasonable to assume that a year--round ice cover is present.
We calculate monthly values of snow load on Arctic sea ice using the precipitation (P) and evaporation (E) fields from ERA--Interim reanalysis data 10 . Both fields are sampled on a 0.75 by 0.75 degree grid in latitude and longitude and contain daily estimates of P and E in mm of water. We calculate daily values of snow load (in mm of water equivalent) by subtracting evaporation (E) from precipitation (P). These daily snow load values are accumulated (temporally integrated) over each month to give maps of net monthly snow accumulation. The total snow load for each month is then estimated by assuming that all snow cover has diminished by August 1 st each year, i.e. that the snow load is zero on that date. This eliminates the need to adjust the snow depth over FYI, as is done when employing a climatological snow load (see Methods in main text). The total snow loading by the end of each month is then computed by accumulating monthly snow loads from the preceding August, in each grid cell. We then spatially average the reanalysis snow load over the Amerasian and Eurasian basins to produce monthly snow depths in mm of water equivalent.
Before employing the snow--load derived from reanalyses 10 as an alternative data source for retrieving sea ice thickness from the CryoSat--2 freeboard estimates, we compared it to the climatological snow load in the Amerasian and Eurasian basins --the main region of inter--annual sea ice thickness variability --to establish the extent to which they agree (Supplementary Figure 5) . The mean snow loads are extremely similar, with no significant difference between the two data sets and, given their estimated inter--annual variability, the two data sets overlap. Although the inter--annual variability of the reanalysis data set is smaller than that of the climatology, this is to be expected as the climatological data are vastly under--sampled, by comparison. Indeed, according to authors of the climatology 9 , its estimated inter--annual variability exceeds the true value because it is obtained from measurements at only a few (typically 2) locations, so is to some extent recording regional anomalies that are accompanied by unsampled anomalies of opposite sign in other regions in the same month. The climatology and reanalyses data are independent from one another and, although this comparison does not eliminate the possibility that both datasets are similarly biased, it does suggest that they exhibit similar spatial and temporal variability.
In the Amerasian and Eurasian basins, there is only a small difference between sea ice volume calculated using the climatology--based retrieval and the reanalysis--based retrieval (Supplementary  Figure  3) , of 400 km 3 (< 5%) per month, on average. This comparison demonstrates that the use of a climatological snow load does not introduce any significant bias in our sea ice thickness retrieval, and does not appear to impact significantly on the temporal variability, and so we conclude that it is reasonable to make this approximation. However, we have not yet calculated or applied a time--varying snow load across the entire Arctic, because the approach is complicated in regions of seasonal ice cover where the sea ice age, and therefore days of snow accumulation, have to be taken into account. The application of a time--varying snow load to the entire Arctic region will be the subject of a future study.
Supplementary Figure 3: The effect of snow load on CryoSat--2 sea ice volume estimates across the Amerasian and Eurasian basins. Volume estimates are produced using a climatological snow load (blue triangles), and a reanalysis--derived time--varying snow load (red diamonds).
There is very little difference (a root--mean--square difference of < 5% per month) in sea ice volume using both methods.
Supplementary Figure 4 : Regional variation in days of sea ice cover. The map shows mean annual days of sea ice cover from August 1 st --July 31 st , for each Arctic Ocean region (Supplementary Figure 2) . The Amerasian and Eurasian basins have been combined to form a region which we assume is permanently ice--covered to produce our time--varying reanalysis--derived snow load. A location is considered ice covered if the sea ice concentration is above 15%.
Supplementary Figure 5 : Mean monthly snow loading on sea ice in the Amerasian and Eurasian basins, as determined from a climatology 9 (blue) and from a reanalysis of climate data 10 (blue). When computing the climatological snow load, we assume half the area is covered with FYI and half with MYI (on average the case in this region). When computing the reanalysis--derived snow load, we used data from October 2010
to April 2014. The vertical spread of each dataset illustrates the inter--annual variability of the data (± one standard deviations).
Sea ice growth rates
We computed the rate of autumn--to--winter sea ice growth (the period of maximum volume increase) during each calendar year across the entire Arctic by fitting a linear trend to volume measurements acquired between October and January inclusive (Supplementary Table 3 ). The average rate of growth was 4.20 km 3 month --1 , with only small (5% standard deviation) variations from year to year. We also computed the rate of growth of FYI and MYI, and these showed markedly larger temporal variability (8% and 15 % standard deviation, respectively) reflecting interannual transitions between each class of ice cover.
Supplementary 
Relationship between changes in sea ice volume and climate forcing
We use ERA--Interim reanalysis data 10 to calculate the mean autumn snow load, annual wind convergence (a proxy for wind--driven ice convergence), and the annual number of melting degree days 11 (MDD; a proxy for ice melt) in the Amerasian and Eurasian basins. This enables us to investigate the relationship between each parameter and the volume of sea ice in the Amerasian and Eurasian basins at the start of the ice growth season, in autumn. We do not assess the impact of ocean--driven changes in sea ice dynamics, as contemporaneous observations of sea ice drift are not available. We focus on the Amerasian and Eurasian basins because, in autumn, they contain 65% of the northern hemisphere sea ice, and we are able to consider year--round influences on volume in the region due to the high persistence of sea ice (Supplementary Figure 4) .
Snow load
We calculate monthly values of snow load on Arctic sea ice (Supplementary Figure 6a) using the method described in Supplementary Section 4. We then compare the autumn average snow load to autumn sea ice volume in the Amerasian and Eurasian basins each year, and find that the correlation is very weak (r 2 = 0.05; Supplementary Figure 6b) , suggesting that inter--annual variations in sea ice volume are driven by other factors. 
Wind Convergence
To compute annual wind convergence (Supplementary  Figure  7a) , we firstly calculate the wind divergence, using wind field components from the ERA dataset. The wind field is resolved into U and V components, where U is the component in the x--direction (eastward) and V is the component in the y--direction (northward). The wind components are sampled on a 0.75 by 0.75 degree grid in latitude and longitude and contain daily values of U and V, in ms --1 . We average these daily values over each month to give maps of monthly mean U and V wind speeds. We resample U and V on to a 25km by 25km polar stereographic grid where the x--axis of the grid points south down the 90°E longitude line and the y--axis points south down the 180°E longitude line. So, if w(x,y) is the wind field and i and j are unit vectors in the x and y directions:
We then compute the wind divergence at each location in the grid using:
We compute the partial derivatives numerically. Where the wind components diverge this quantity will be positive and where they converge it will be negative. For comparison with CryoSat--2 autumn volume data, we accumulate the wind divergence in each grid cell from the previous autumn (November 1 st ) to the autumn (November 1 st ) under consideration, to get a value of annual wind convergence. To compute the mean convergence of the wind components over the Amerasian and Eurasian basins we only consider negative values of ∇. , area average, and take the magnitude of the result as the convergence.
We use wind convergence as a proxy for sea ice convergence into the Amerasian and Eurasian basins, as unlike sea ice drift data, ERA--interim wind fields are available consistently throughout the CryoSat--2 period. To assess the validity of wind as a proxy for ice drift we compared the ERA--Interim wind fields with sea ice drift from drifting buoy data obtained from the International Arctic Buoy Program (IABP) at the University of Washington (available via ftp at ftp://iabp.apl.washington.edu/pub/IABP/). To assess the similarities between wind and buoy direction of motion we computed the mean motion of each active buoy by creating a vector joining its start and finishing location for each month of the CryoSat--2 period. We then compared the buoy motions with the monthly mean ERA--Interim wind vector at each buoy start location (e.g. Supplementary Figure 8a) , and found good agreement in the Amerasian and Eurasian basins in each month that buoy data was available. Next we cross--plotted the magnitude of buoy motion with the magnitude of the wind field at each monthly buoy location, to assess the similarities in the magnitude of wind and buoy displacement (Supplementary Figure 8b) , and found that wind velocity (km hour --1 ) and buoy displacement (km) are correlated (r 2 = 0.60). This finding echoes the work of Thorndike and Colony 12 , who found that on monthly time scales and in all seasons, more than 70% of the variance of the ice velocity in the central Arctic Ocean was explained by the geostrophic wind. However, they suggest that this relationship breaks down within about 400 km of coastal regions, due to an increase in ice stress and the influence of ocean currents. The spread between wind velocity and buoy displacement (Supplementary Figure 8b) is likely due to ocean--induced ice drift, but on the scale of the Amerasian and Eurasian basins we expect ocean drift to have a modest impact on changes in sea ice thickness. 
Melting Degree Days
We calculate annual melting degree days (MDD; Supplementary Figure 9a ) using the 2m--temperature dataset from ERA--Interim reanalysis data. The dataset is provided on a 0.75 by 0.75 degree grid in latitude and longitude and contains daily values of temperature in K, which we convert to °C. For each grid cell, MDD is the collective sum of the daily air temperatures above 0°C, for a specified time frame. For comparison with CryoSat--2 autumn volume data, we calculate MDD in each grid cell from the previous autumn (November 1 st ) to the autumn (November 1 st ) under consideration. We then spatially average MDD over the Amerasian and Eurasian basins.
We use MDD as a proxy for sea ice melt. We note that MDD is a variable of atmospheric origin and also that temperature and melt of the sea ice surface will depend on the heat--transfer mechanisms through the snow pack. However, we are satisfied that it acts as a reasonable proxy for ice melt after observing a strong correlation between autumn sea ice volume and MDD, both in the Amerasian and Eurasian basins (r 2 = 0.73; Supplementary  Figure 9b ) and Arctic wide (r 2 = 0.75; Figure 3 ).
It is possible that our estimates of MDD and sea ice volume are correlated through their common dependence on sea ice concentration data. MDD are computed from air temperatures derived from ERA--Interim reanalysis, which incorporates sea ice concentration measurements in the model data assimilation system, and our sea ice volume estimates also use sea ice concentration data in the scaling from thickness to volume. However, we expect the degree of co--dependence to be small, because sea ice thicknesses are only weakly related to sea ice concentration as they are computed only in regions of high concentration (90--100%). Moreover, if the reanalysis data were strongly dependent on sea ice concentration, then a co--dependence should also exist between estimates of sea ice volume and snow loading, due to differing evaporation parameters being applied in the reanalysis depending on whether sea ice or ocean is present. Yet the correlation between volume and snow loading is very weak (r 2 = 0.05). We conclude, therefore, that the high correlation between changes in sea ice volume and melting is a result of their thermodynamic relationship and not an artefact of their co--dependence on sea ice concentration data. There are however regional variations in the importance of melt on volume changes (Supplementary Table 4 ). The poorest correlations are in the Greenland, Iceland and Barents Seas (r 2 ≤ 0.26), which is likely related to the strong influence of atmospheric circulation and wind forcing 13 on sea ice transport, and therefore volume, in these regions. Sea ice conditions in the Greenland Sea are also influenced by ocean--driven ice flux through the Fram Strait, which is the primary region of sea ice export out of the central Arctic 14 . Ice volumes in Hudson Bay and the Canadian Archipelago are the most highly correlated with MDD (r 2 ≥ 0.90). The Hudson Bay is almost entirely surrounded by land and the Canadian Archipelago consists of numerous islands and narrow channels, preventing significant ice motion out of these regions for most of the year 15 . As a consequence, ice volume will be dominated by in situ growth and decay due to local temperature fluctuations. The volume of ice lost per MDD is dependent on the size of the region (Supplementary Figure 10) . Supplementary  Table  4 : The relationship between CryoSat--2 autumn sea ice volume and the number of melting degree days (MDD) during the preceding year, for 2010--2014. The areas of 10 Arctic Ocean regions (see Supplementary  Figure  2 for region locations) are given in 10 3 km 2 , and their rate of volume loss is given in km 3 /MDD. The rate of volume loss is, to a degree, dependent on the area of the region (see Supplementary Figure 9 ). The highest rates of volume loss occur in regions 1, 2 and 10, which also have the largest areas. 
